Background and objectives Infection is the most common cause of death in severe AKI, but many patients receiving continuous RRT do not reach target antibiotic concentrations in plasma. Extended infusion of b-lactams is associated with improved target attainment in critically ill patients; thus, we hypothesized that extended infusion piperacillin-tazobactam would improve piperacillin target attainment compared with short infusion in patients receiving continuous RRT.
Introduction
AKI is a common and devastating complication of medical and surgical illness, affecting 6% of hospital admissions, and it is an independent risk factor for prolonged inpatient length of stay and mortality (1) (2) (3) (4) . Prospective randomized clinical trials comparing intensive and conventional doses of continuous hemodiafiltration have not shown a survival benefit to intensive renal support in AKI (5, 6) . Because infection has been among the leading causes of death in acute renal failure and because early appropriate antibiotic therapy seems critical to treatment success (7-10), we directed our attention to adequacy of antimicrobial therapy in patients with AKI receiving continuous RRT (CRRT) (11) (12) (13) . We showed that CRRT waste (effluent) can serve as a biomatrix for estimating plasma free drug concentrations in lieu of repeated phlebotomy and that interindividual variability in b-lactam pharmacokinetics (PK) undermines target attainment in critically ill patients receiving CRRT (11, 12, 14) . Indeed, recent publications from the Kidney Disease Improving Global Outcomes and the Kidney Health Initiative groups highlight the knowledge gap and need for improved drug dosing in acute renal disease (15, 16) . It is now clear that one size fits all dosing using standard adjustments to account for renal failure and dialysis does not guarantee adequate plasma concentrations in all or even most patients. These concerns are present in the general intensive care unit (ICU) population as well, motivating comparisons of different antibiotic administration schedules. In particular, continuous infusion (CI) and extended infusion (EI) of time-dependent antibiotics have attracted attention as strategies to improve the probability of target attainment. Studies in critically ill patients have examined CIs and 30-minute infusions (short infusions [SIs] ) of b-lactams and concluded that prolonging the infusion duration of b-lactams improves target attainment (17) (18) (19) (20) . Whether EI of piperacillin-tazobactam improves target attainment in patients receiving CRRT is unknown. In this institutional review board-approved observational study, we used measurements of piperacillin and tazobactam concentration in the blood and dialysate to characterize the variability in PK among patients treated at one of three institutions with contrasting practices: University of Alabama at Birmingham (UAB) and Cleveland Clinic (CCF), where patients received piperacillin-tazobactam as 30-minute infusions, and Vanderbilt University (VU), where patients received piperacillin-tazobactam as 240-minute infusions.
Materials and Methods
Patients admitted to the ICUs of UAB (n=25), CCF (n=29), and VU (n=14) were enrolled between February 1 2009 and July 1, 2015. The study protocol was approved by the institutional review board at each institution. All patients or their surrogate decision makers at UAB and CCF provided written informed consent to participate in the study. At VU, patients who provided blood and effluent samples (n=5) or their surrogates gave written informed consent. Patients providing samples of waste effluent only (n=9) were enrolled in a consent-waivered protocol.
Participants
Patients ages 18 years old or older who were receiving piperacillin-tazobactam with concomitant CRRT in the ICU were included. Patients were excluded if they were known to be pregnant. Age, sex, weights at admission and time of study entry, dialysis prescription, and urine output were recorded on case report forms.
Antimicrobial Therapy
Patients in the study received piperacillin-tazobactam (2 g piperacillin and 250 mg tazobactam or 3 g piperacillin and 375 mg tazobactam) administered over 30 minutes scheduled every 6, 8, or 12 hours (UAB and CCF) or 240 minutes every 8 hours (VU). The antimicrobial dose and frequency were determined by collaboration between the primary ICU service, critical care clinical pharmacists, the consulting nephrology service, and the consulting infectious disease service if involved in the patient's case. 
Dialysis Therapy
Patients received continuous venovenous hemodialysis or continuous venovenous hemodiafiltration using the Gambro Prismaflex System (Gambro Renal Products, Boulder, CO) with M-100 or HF-1500 dialyzer sets (acrylonitrile [AN69] membranes with a 0.9-m 2 membrane surface area or polysulfone with a 1.5-m 2 area, respectively) or the NxStage System One (NxStage Medical, Lawrence, MA) dialysis system with the Express Cartridge (polyethersulfone membrane with a 1.5-m 2 membrane surface area) according to instrument availability and nephrology consulting service discretion. CRRT dose was targeted to 25 ml/kg per hour, and all convective modalities were in predilution mode. CRRT prescriptions were determined by the nephrology consulting service. Anticoagulation was achieved with an infusion of unfractionated heparin (250-500 IU/h) as tolerated or regional citrate anticoagulation (UAB). For this manuscript, we have chosen to call waste fluids (both spent dialysate and ultrafiltrate) effluent.
Sampling
Sampling consisted of blood samples and CRRT waste (effluent). Because piperacillin-tazobactam concentrations in CRRT effluent agree well with free piperacillin and tazobactam concentrations in plasma (14), some participants underwent CRRT effluent sampling alone, and effluent concentrations were used to estimate plasma concentrations for PK modeling. Sampling commenced after administration of at least two doses of piperacillintazobactam and 24 hours of concomitant uninterrupted CRRT. If the sampling period was interrupted by a disruption of CRRT, the sampling protocol allowed one additional collection attempt during a subsequent drug dosing period. In patients who received 30-minute infusions, paired sets of blood and CRRT effluent samples were collected immediately before the start of infusion (trough 1), 30 minutes after the end of infusion (peak), and immediately before the subsequent dose (trough 2; CCF and UAB). Participants who received 240-minute infusions were sampled at 0, 30, 60, 120, and 240 minutes after the end of the infusion (VU). Blood samples were collected in 4.5-ml plasma separator vacutainer tubes. CRRT effluent samples were collected in 7-ml vacutainer tubes containing no additive. Because the majority of participants were oligoanuric, no urine samples were collected or analyzed. All samples were stored on ice and processed within 60 minutes of collection. Blood samples were centrifuged at 30003g for 10 minutes at 4°C. Effluent samples were centrifuged identically to ensure that samples injected on the HPLC column were free of particulates. Two aliquots from each specimen were then placed in liquid nitrogen. All samples were analyzed in the laboratory of one of the investigators.
HPLC Analyses
Piperacillin and tazobactam concentrations were quantified by reverse-phase HPLC (Agilent 1200 Series; Agilent Technologies, Santa Clara, CA). Separation was achieved using a Phenomenex XB-C18 Column (10033 mm; 00D-4496-Y0; Phenomenex, Torrance, CA) with Phenomenex SecurityGuard ULTRA (AJ0-8775; Phenomenex). A temperature-controlled autosampler (4C) was programmed to mix samples with an internal standard and inject onto the column (10 ml Antibiotic concentrations were measured by ultraviolet absorption with an Agilent Diode Array Detector (G1315C; Agilent Technologies). Piperacillin and tazobactam were quantified by ultraviolet absorption at 214 nm. Five concentration standards were used to calibrate the detector and mixed with the same stocks that were used to make the test concentrations above. The within-and between-day coefficients of variation for piperacillin at a concentration of 25 mg/ml were 1.9% and 10.2%, respectively, and at a concentration of 100 mg/ml were 0.7% and 2.0%, respectively. The lower limit of quantitation for piperacillin is 0.5 mg/ml. We have not specifically investigated lower limit of detection of the assay, because the lower limit of quantitation is far lower than any clinically relevant plasma concentration.
PK and Pharmacodynamic Calculations
Both one-and two-compartment linear differential equation models were used to describe first-order drug elimination. Separate solutions to the homogeneous (between antibiotic infusions) and nonhomogeneous equations (during antibiotic infusions) were combined to describe the time course of drug concentration throughout the dosing interval. Plasma concentrations were modeled as the sum of effects from the most recent dose and prior doses. Steady-state trough values were approximated as the concentration of drug at the end of five consecutive dosing intervals. The fraction of the dosing interval in which the free plasma concentration was greater than four times the minimum inhibitory concentration (MIC; denoted fT.43MIC) was calculated using the compartment model solution for drug concentration. The primary pharmacodynamic target was .0.5 fT.43MIC or 50% of the dosing interval, where the MIC was 16 mg/ml for piperacillin and 0.25 mg/ml for tazobactam. For piperacillin, we evaluated a range of alternative MIC values (4, 8, 32 , and 64 mg/ml) for both interval fraction targets (50% and 100%) (21) (22) (23) (24) .
Statistical Analyses and Monte Carlo Simulation
Nonlinear mixed effects (NLME) regression was used to analyze the concentration-time data using the one-or twocompartment model as described above. The model parameters were expressed using fixed and random effects to account for between-subject heterogeneity, where the latter was assumed to be normally distributed with mean of zero and unstructured covariance. The random effects were estimated from this marginal model (i.e., not conditional on demographic or clinical factors) using the empirical Bayes method and plotted against subject-level covariates weight (at study enrollment), age, sex, and CRRT effluent rate. Simple linear regression was used to quantify the pairwise associations. The adjusted R 2 and chi-squared test were used to evaluate statistical significance. To further examine these associations, the fixed effects were multiply regressed onto the subject-level covariates. The statistical significance of covariate effects in this conditional model was assessed using the Wald test. Covariates that did not show statistically significant association with any parameter were omitted from the final conditional model. For both the marginal and conditional models, the antibiotic dose, frequency, and infusion duration were adjusted implicitly, because those details are necessary to evaluate the compartment model solution for each participant. We did not adjust for center or CRRT modality because of confounding with antibiotic and CRRT prescriptions and participant weight, age, and sex. The estimated random effects from the marginal model were used to compute the predicted concentrations for each subject and drug. The quality of the marginal model fit was assessed by plotting the predicted versus observed concentrations for each subject (Supplemental Appendix).
For a given dosing regimen (amount, frequency, and infusion duration), the median fT.43MIC and probability of target attainment were computed using a Monte Carlo simulation method by sampling from the marginal NLME-estimated population distribution of volume of distribution (V) and the elimination rate (k; marginal model fixed effects and random effects distribution). A sample of size 10,000 was used for all calculations. Samples were reused where possible to eliminate the effect of Monte Carlo error in comparing dosing regimens. Probability of target attainment was approximated as the sample proportion that achieved the pharmacodynamic target. SI versus EI regimens were compared by computing the probability ratio. The SEM for the log probability ratio was computed by propagating sampling uncertainty from the fixed effect estimates. Specifically, the SEM was approximated by integrating over the NLME-estimated sampling distribution of the fixed effects estimates, which is approximately multivariate normal. Gauss-Hermite quadrature with 100 sample points was used to approximate the integral. The estimated SEM was used to A second series of Monte Carlo simulations was implemented to study the effects of patient weight and CRRT effluent rate on the probability of target attainment among patients who receive 3 g piperacillin every 8 hours (the most frequently administered regime in these data). For these analyses, a sample of size 10,000 was drawn from the conditional (on weight and CRRT effluent rate) NLMEestimated distribution of V and k. Probability of target attainment was approximated for EI and SI regimens over a range of representative patient weights and CRRT effluent rates. These results are presented graphically.
To assess the sufficiency of the single-compartment model, all of the above analyses were reimplemented using a twocompartment model with one additional fixed effect parameter, which represented the rate of intercompartmental clearance. There was insufficient information to model the additional parameter using a random effect or regress the fixed effect onto subject-level covariates. The open source R Statistical Package and nlme add-on package were used to implement all analyses and graphics (25) (26) (27) . P values ,0.01 were considered statistically significant.
Results
Sixty-eight participants were enrolled and had data for analysis (Table 1 ). In total, there were 214 piperacillin and 203 tazobactam concentration measurements. Participants were predominantly men and heavier than the participants in prior studies. Overall mortality was 46%, similar to mortality rates observed in recent large studies of dialysis dose in AKI (5,6). For piperacillin, V was significantly correlated with body weight, and k was significantly associated with CRRT effluent rate ( Figure  1 ). For tazobactam, k was significantly associated with CRRT effluent rate (Figure 2 ). These findings were confirmed by the conditional NLME regression analyses. No other pairwise associations between PK parameters and subject-level factors were statistically significant (at P,0.01). There was no evidence in this analysis that CRRT modality (continuous venovenous hemodiafiltration versus continuous venovenous hemodialysis) had an effect on piperacillin or tazobactam PK (P.0.14). This result corroborates an earlier study (11) .
Regardless of infusion duration, 6 g/d piperacillin was associated with #45% target attainment, whereas 12 g/d was associated $95% target attainment. For 8 and 9 g/d, target attainment ranged between 68% and 85%. For each dose amount and frequency, the probability of target attainment (fT.416 mg/ml for 50% of interval) was significantly greater for EI versus SI ( Table 2 ). The greatest differences were observed in the 4 g/12 h, 3 g/12 h, and 2 g/8 h regimens, where the probability of target attainment was greater by 14% (95% CI, 12% to 17%), 19% (95% CI, 13% to 25%), and 12% (95% CI, 9% to 16%), respectively. These findings were concordant but different in magnitude under alternative MIC and interval fraction targets (Supplemental Appendix). The probability of target attainment was lower in participants with greater weight and greater CRRT effluent rate. The probability of target attainment was greater for EI versus SI (Figure 3) . The target attainment probabilities estimated using the twocompartment model were very similar in magnitude and qualitatively equivalent. Contrary to the average trend, we discovered that, for some patients, SI may result in greater target attainment relative to EI. To investigate this further, we identified the PK parameter values for which SI was associated with greater target attainment (fT.43MIC) relative to EI. Figure 4 illustrates this region of SI superiority for the 3 g/8 h regimen overlaid against the distribution of PK parameter values in this population. Similar regions are present for other dosing regimens but different in shape and location. Hence, for each dosing regimen, there may be a small subset of patients for which SI is associated with greater pharmacodynamic target attainment relative to EI. However, by averaging over the entire population, the likelihood of target attainment was uniformly greater for EI relative to SI, regardless of dosing regimen. For tazobactam, target attainment was 100% for every dose amount, frequency, and infusion duration. Because of the lack of variability in target attainment, no additional analysis of tazobactam concentrations was implemented.
Discussion
To our knowledge, this manuscript presents the first data on comparing standard infusion and extended infusion piperacillin in CRRT in patients at American tertiary care hospitals. A few features of our analysis have immediate clinical implications and merit discussion here.
First, as previously suggested for other critically ill populations, patients receiving extended infusion piperacillin-tazobactam are more likely to attain plasma piperacillin levels .64 mg/ml for one half of the dosing interval than those receiving standard 30-minute infusions. However, for each dose amount and frequency, the probability of target attainment was significantly greater for EI versus SI. This finding was robust under alternative MIC and interval fraction targets. The major barrier to uniform adoption of this technique is availability of vascular access.
Jamal et al. (28) reported that CI of piperacillin in patients receiving continuous venovenous hemofiltration was associated with greater pharmacodynamic target attainment relative to intermittent bolus infusions as has been described in other critically ill patients. The larger issues that have yet to be addressed in detail are whether pharmacodynamic targets in plasma map to target attainment at the site of infection (29) and whether, as raised in the work in ref. 30 , the best pharmacodynamic target is known or patient specific.
Second, another finding is that EI may not be uniformly superior to SI. In simulated and actual subject-level data, large V values prevented slow infusions from attaining high concentrations in plasma. In practice, this reflects the need for larger loading doses in patients with large V values, and therefore, for patients in excess of 100 kg, 4 g piperacillin-tazobactam every 8 hours will have a greater probability of target attainment and may be a better choice for the patient.
This study has several limitations worthy of consideration. This study is observational and consists of cohorts enrolled at three separate academic medical centers. Center effects in addition to infusion interval and secular trends in patient demographics cannot be excluded. We compared one-and two-compartment models in all participants and found little difference in predicted target attainment. The similarity between one-and two-compartment models likely stems from sparse sampling that is not sensitive to the distribution phase and the continuous equilibration during EI. Additional investigation may be warranted to determine the need for multicompartment modeling in this patient population.
The finding originally reported by Bauer et al. (11) of very high interindividual variability in V and k is, of course, repeated here, because 42 of the participants are the same individuals reported previously. However, with the addition of 26 more participants and NLME modeling in lieu of the less sophisticated two-stage approach adopted by Bauer et al. (11) , the interquartile range is consistently between one third and one half of the median value. This reflects the intrinsic heterogeneity of critical illness. Our ICUs admit candidates for bariatric surgery as well as patients with advanced cancers, otherwise healthy adults with pneumonia, and patients with advanced liver failure and hepatorenal syndrome. The goal of the nephrologist remains to support the patient with extracorporeal therapy and evidence-based guidance regarding drug dosage adjustments. It seems that extended infusion piperacillintazobactam may be more likely to attain therapeutic targets than 30-minute infusions over a wide range of body habitus, comorbidity, and PK. That said, even after accounting for these patient factors, considerable interindividual variability remains unexplained. This unexplained variability is a barrier to accurate personalization of dosing unless personalization is on the basis of therapeutic drug monitoring or a much more detailed population PK model.
